Moser HR, Giesler GJ Jr. Characterization of pruriceptive trigeminothalamic tract neurons in rats. J Neurophysiol 111: 1574 -1589, 2014. First published January 29, 2014 doi:10.1152/jn.00668.2013.-Rodent models of facial itch and pain provide a valuable tool for distinguishing between behaviors related to each sensation. In rats, pruritogens applied to the face elicit scratching using the hindlimb while algogens elicit wiping using the forelimb. We wished to determine the role of trigeminothalamic tract (VTT) neurons in carrying information regarding facial itch and pain to the forebrain. We have characterized responses to facially applied pruritogens (serotonin, BAM8 -22, chloroquine, histamine, capsaicin, and cowhage) and noxious stimuli in 104 VTT neurons recorded from anesthetized rats. Each VTT neuron had a mechanically sensitive cutaneous receptive field on the ipsilateral face. All pruriceptive VTT neurons also responded to noxious mechanical and/or thermal stimulation. Over half of VTT neurons responsive to noxious stimuli also responded to at least one pruritogen. Each tested pruritogen, with the exception of cowhage, produced an increase in discharge rate in a subset of VTT neurons. The response to each pruritogen was characterized, including maximum discharge rate, response duration, and spike timing dynamics. Pruriceptive VTT neurons were recorded from throughout superficial and deep layers of the spinal trigeminal nucleus and were shown to project via antidromic mapping to the ventroposterior medial nucleus or posterior thalamic nuclei. These results indicate that pruriceptive VTT neurons are a subset of polymodal nociceptive VTT neurons and characterize a system conducive to future experiments regarding the similarities and differences between facial itch and pain.
itch; pain; trigeminothalamic tract ITCH AND PAIN ARE EXPERIENCED as distinct sensations. Itch causes the desire to scratch and pain typically results in protective behaviors such as withdrawal from painful stimuli. A substantial body of evidence indicates that neurons that respond to pruritogens comprise a subset of a population of cells that also respond to painful stimuli (Carstens 1997; Davidson et al. 2007; Drzezga et al. 2001; Jinks and Carstens 2002; Johanek et al. 2008; Simone et al. 2004) . However, several studies have suggested that itch and pain are processed by separate neurons and may even involve separate types of receptors Sun and Chen 2007; Sun et al. 2009; Wilson et al. 2011) . Recently, it has been demonstrated that although itch-responsive neurons also respond to painful stimuli, selective activation of these neurons, even by a painful stimulus such as capsaicin, results only in itch-related behaviors (Han et al. 2013) , indicating that itch and pain information may indeed be processed by separate populations of neurons.
In rodent studies of the neural mechanisms contributing to itch and pain, pruritogens and algogens that have been used are based on corresponding itch and pain sensations evoked in humans. To study the underlying mechanisms and relationships between itch and pain, it is important to employ experimental models that elicit distinct behavioral responses to each sensation. In many rodent studies pruritogens have been applied to the skin on the nape of the neck, a body region that can only be accessed by the hindlimb (e.g., for scratching) and therefore does not allow study of other potentially relevant behaviors. In the rostral back, algogens and pruritogens each elicit scratching and it is not possible to behaviorally discriminate itchy from painful stimuli. In contrast, application of algogens or pruritogens can elicit distinct behavioral responses when applied to the face in mice .
In this "cheek model of itch," algogens applied to the cheek elicited wiping with the forelimb, while pruritogens elicited scratching with the hindlimb. More recently the cheek model has been used to demonstrate that rats also show distinct behavioral responses to stimuli that produce pain or itch in humans. When applied to the face, serotonin and chloroquine elicit scratching with the hindlimb while the algogen mustard oil elicits wiping with the forelimb. Interestingly, facial application of histamine or capsaicin causes a mixture of scratching and wiping in rats, depending on the concentrations used. Histamine induces a greater number of wipes than scratch bouts while capsaicin induces an equivalent number of each type of behavior (Klein et al. 2011) . These chemicals can also produce mixed itch and pain sensations in humans when delivered via heat-inactivated cowhage spicule (Sikand et al. 2009 ), although intradermal injection of capsaicin produces a sensation of burning pain (LaMotte et al. 1991 ). In the current study, histamine and capsaicin are referred to as "partial pruritogens."
The differences between the cheek model and the rostral back model of itch in rodents highlight the usefulness of studying itch using the cheek model and examining underlying neural mechanisms within the trigeminal sensory system. However, few studies have focused on this approach (Akiyama et al. 2010; Klein et al. 2011 ). The neurons in the spinal trigeminal nucleus that convey information to the forebrain about itch occurring on the face have not been identified or characterized. Information about itch in body regions below the head and neck is carried to the brain by cells in the spinothalamic tract (STT), in addition to other possible tracts that have not been examined. In humans, lesions of the anterior lateral quadrant of the spinal cord (including STT axons) abolish both itch and pain sensations (White and Sweet 1969) . In nonhuman primates, a subset of STT cells responds with an increase in firing rate to the itchy stimuli histamine or cowhage (Davidson et al. 2007 (Davidson et al. , 2012 Simone et al. 2004 ). These responses are decreased during scratching of the receptive field (Davidson et al. 2009 ), suggesting that these neurons are involved in producing the sensation of itch. In the face, Fig. 1 . Characterization of a pruriceptive trigeminothalamic tract (VTT) neuron responding to BAM8 -22 and capsaicin. A: lesion (arrow) made at the point in the thalamus with the lowest threshold for antidromic activation. Drawings indicate the location of each antidromic test site at 3 rostral-caudal planes within the thalamus; threshold for antidromic activation at each point is indicated by the color/size of the marker at each point (see legend). Numbers above each drawing indicate distance caudal to bregma. B: receptive field. C: lesion (arrow) made at the recording point in the superficial layers of the spinal trigeminal nucleus. D: antidromic spikes have a fixed latency from the antidromic stimulus (i), follow a high-frequency stimulus train (ii), and an orthodromic spike (arrow) collides with an antidromic spike (expected location indicated by *; iii). E: responses to mechanical stimulation of the receptive field (black bar above histogram indicates duration of mechanical stimulus). F: response to thermal stimulation of the receptive field (trace above histogram indicates onset and duration of 50°C thermal stimulus). G: intradermal injection (indicated by arrow) of vehicle into the receptive field produced no sustained response. H-I: the cell responded to the partial pruritogen capsaicin and to the pruritogen BAM8 -22, each injected intradermally into the receptive field. Responses are colored differently according to chemical, so that data regarding a single pruritogen or partial pruritogen can be more easily identified throughout the following figures. J-M: the cell did not respond to intradermal injection of serotonin, chloroquine, or histamine, or to application of cowhage spicules (M, inset: response to heat-inactivated cowhage). For this cell, pruritogens and partial pruritogens were applied in the following order: cowhage (COW), BAM8 -22 (BAM), chloroquine (CQ), histamine (HA), serotonin (5-HT), and capsaicin (CAP). Insets: 10 randomly selected overlaid spike traces. 3v, third ventricle; cc, central canal; cp, cerebral peduncle; cu, cuneate fasciculus; dDH, deep dorsal horn; eml, external medullary lamina; gr, gracile fasciculus; hpc, hippocampus; hyt, hypothalamus; mam, mammillary n.; MG, medial geniculate n.; ml, medial lemniscus; pc, posterior commissure; pcn, paracentral n.; pfs, parafascicular n.; Po, posterior thalamic n.; PoT, posterior triangular n.; pyx, pyramidal decussation; sDH, superficial dorsal horn; VPM, ventroposterior medial n. information about noxious and pruritic stimuli is carried by the trigeminal nerve (cranial nerve V) to several targets in the brainstem, including the spinal trigeminal nucleus. A subset of neurons in the spinal trigeminal nucleus sends axons to the brain via the trigeminothalamic tract (VTT). We propose that, like the STT for lower body receptive fields, the VTT carries information regarding facial itch to the brain. Here, we have examined the responses of antidromically identified VTT neurons to the application of several pruritogens and partial pruritogens applied to facial receptive fields in anesthetized rats. The pruriceptive and nociceptive responses, receptive fields, recording points, and axon projections of these cells were characterized.
MATERIALS AND METHODS
Animal preparation. Adult male Sprague-Dawley rats (300 -450 g) were used according to protocols approved by the University of Minnesota's Institutional Animal Care and Use Committee. Animals were deeply anesthetized with urethane (1.5 mg/kg ip; Sigma) and tracheotomized. A laminectomy was performed over the first and second cervical segments, and a craniotomy was performed over the right thalamus. A low-impedance stainless steel electrode was positioned at stereotaxic coordinates for the caudal pole of the ventroposterior medial (VPM) nucleus in the thalamus. Pulses of electrical current (300 -500 A, 200 s, 3 Hz) were delivered through the electrode as an initial search stimulus. A recording electrode (stainless steel, 10 M⍀; FHC for most cases or carbon fiber, 4 -10 M⍀ for some experiments) was lowered through the contralateral spinal trigeminal nucleus extending from the caudal medulla to the second cervical segment of the spinal cord to search for time-locked single unit responses that met the following standard criteria for antidromically activated VTT neurons: 1) stable antidromic response latency (Ͻ0.05 ms variation); 2) ability to follow high-frequency (Ͼ300 Hz) antidromic stimulus train; and 3) collision of mechanically evoked orthodromic spike with putative antidromic spike. Any single unit response that met these criteria and had a cutaneous facial receptive field was used for further study, although neurons responsive to noxious stimulation of the receptive field were favored over those maximally responsive to low-threshold mechanical stimuli.
Axon projection mapping. The stimulating electrode was positioned at 200-m intervals throughout dorsal-ventral stimulating tracks separated by medial-lateral and rostral-caudal intervals of 300 -500 m in the brain; the amount of current necessary to elicit an antidromic spike was determined at each position. The point at which the threshold for antidromic activation was lowest (Յ30 A) was assumed to be the most accurate indication of the position of the axon Fig. 2 . Characterization of a pruriceptive VTT neuron responding to serotonin, histamine, and capsaicin. A: receptive field. B: lesion (arrow) made at the recording point in the superficial layers of the spinal trigeminal nucleus. C: lesion (arrow) made at the point in the thalamus with the lowest threshold for antidromic activation. D: responses to mechanical stimulation of the receptive field. E: response to thermal stimulation of the receptive field. F: the cell did not respond to intradermal injection of vehicle into the receptive field. G-I: the cell responded to the pruritogen serotonin and to the partial pruritogens histamine and capsaicin, each injected intradermally into the receptive field. For this cell, pruritogens and partial pruritogens were applied in the following order: serotonin, cowhage, histamine, chloroquine, BAM8 -22, and capsaicin. hb, habenular n.; ic, internal capsule.
terminal (Burstein et al. 1991; Dado et al. 1994) . If the antidromic latency remained unchanged by Յ0.05 ms at more rostral positions, it was assumed that the axon did not extend rostrally beyond the identified low threshold point.
Characterization of neurons with mechanical and thermal stimuli. Innocuous brushing with a soft-bristled brush and the minimum necessary amount of noxious stimuli were used to identify the mechanical receptive field boundaries for each antidromically identified VTT neuron. Pressure was applied using a small clip that produces a distinct subnoxious pressure sensation when applied to the skin in humans; pinching was applied using a small clip that produces a distinct pain sensation when applied to the skin in humans. Brush, pressure, and pinch were used to classify each neuron as low threshold (LT; maximally responsive to innocuous brushing), high threshold (HT; responsive only to noxious pressure and/or pinching), or wide dynamic range (WDR; responsive to innocuous and noxious stimuli, with a higher frequency response to noxious stimuli). Thermal responses were tested by applying a noxious heat stimulus (50°C from a 32°C baseline) to the center of the mechanical receptive field with a feedback controlled Peltier thermode (3 mm 2 ; Yale Instruments). Pruritic characterization. After responses to mechanical and thermal stimuli were obtained, sensitivity of each cell to the following chemical stimuli was determined: histamine dihydrochloride (HA; 900 mM; Sigma), serotonin creatinine sulfate complex (5-HT; 47 mM; Sigma), chloroquine diphosphate salt (CQ; 100 mM; Sigma), bovine adrenal medullary 8 -22 peptide (BAM8 -22; 1 mM; Tocris Bioscience), capsaicin (CAP; 3.3 mM; Sigma), and/or cowhage (COW; Ն10 spicules). Concentrations were chosen within ranges that elicited a significant number of scratch bouts, as reported by Klein et al. (2011) . BAM8 -22 causes hindlimb scratching upon facial application in mice at an amount comparable to what was used in the current study (Wilson et al. 2011) ; to our knowledge, the behavioral effects of application of BAM8 -22 to the rat face have not been reported. Each drug (except cowhage) was injected intradermally in a 10-l volume at separate sites within the mechanical receptive field for each cell; for cowhage, Ն10 spicules were inserted within a small area of the receptive field using an applicator consisting of spicules attached to the end of a cotton-tipped swab. Vehicles [pH-matched saline for injected drugs and heat-inactivated spicules for cowhage (IA COW)] were always applied before their respective active stimuli. An attempt was made to test each cell with every drug; however, recording stability did not always allow this. Drugs were applied in random order on each trial, with the exception that capsaicin was always the last drug applied. The ongoing discharge rate of a cell was always allowed to return to baseline before application of a subsequent stimulus, with a minimum of 10 min between drug applications.
Histology. At the end of each experiment, LT antidromic stimulation point(s) in the thalamus and recording point(s) in the spinal trigeminal nucleus were marked with electrolytic lesions. Rats were perfused with 0.9% normal saline followed by 10% formalin with 1% ferrocyanide (for Prussian blue reaction at lesion sites). The brain was removed and cut on a freezing microtome; sections containing thalamus were sectioned by 75 m and sections containing the spinal trigeminal nucleus were sectioned by 50 m. Sections were stained with neutral red, and a rat brain atlas (Paxinos and Watson 1982) was used to identify thalamic nuclei for axon projection sites.
Data analysis. Action potentials were amplified, filtered, and digitized and wave-form discriminated using DAPSYS data acquisition processor system software (www.dapsys.net). A cell was considered responsive to a stimulus if it displayed a poststimulus discharge rate Ն1.5 times the mean discharge rate over 60 s before stimulus application and the increased discharge rate outlasted any response to vehicle. Individual response histograms are reported in 1-s bins. Mean responses are reported in 1-, 5-, or 15-s bins (specified in text) with errors bars representing SE. For statistical analyses, discharge rates were normalized to 60 s of baseline activity preceding stimulus application. To compare variability in spike trains elicited by pruritogens and partial pruritogens, spike timing data was analyzed over a 3-min period beginning 30 s after application of the pruritogen (to avoid activity evoked by insertion of the needle during injection of the pruritogen). To compare variability in spike trains elicited by serotonin and the noxious stimuli heat and pinch, spike timing data were analyzed over a 10-s period beginning 30 s after application of serotonin or during the 5-to 10-s application of heat or pinch. The coefficient of variation (CV) of a spike train was calculated as the SD of interspike intervals (ISIs) divided by the mean duration of ISIs within the spike train. For ISI distribution histograms, the number of ISIs contained in each of 20 log-scaled bins was divided by the total number of ISIs in a given spike train and multiplied by 100 to obtain percentage; mean percent in each bin was calculated for responses to each stimulus. For all statistical tests, effects across stimuli or cell types were compared using Wilcoxon rank sums or Kruskal-Wallis ANOVA analyses with Dunn's posttest, with P Ͻ 0.05 considered significant. Fig. 3 . Characterization of a pruriceptive VTT neuron responding to chloroquine, histamine, and capsaicin. A: receptive field. B: lesion (arrow) made at the recording point in the deep layers of the spinal trigeminal nucleus. C: lesion (arrow) made at the point in the thalamus with the lowest threshold for antidromic activation. D: responses to mechanical stimulation of the receptive field. E: response to thermal stimulation of the receptive field. F: the cell did not respond to intradermal injection of vehicle into the receptive field. G-I: the cell responded to the pruritogen chloroquine and to the partial pruritogens histamine and capsaicin, each injected intradermally into the receptive field. For this cell, pruritogens and partial pruritogens were applied in the following order: cowhage, BAM8 -22, chloroquine, histamine, serotonin, and capsaicin. sth, subthalamic n.
RESULTS
One-hundred four VTT neurons from 76 rats were tested for responses to several pruritogens and partial pruritogens, including serotonin, BAM8 -22, chloroquine, histamine, capsaicin, and cowhage. Recording points of VTT neurons were located throughout the spinal trigeminal nucleus in the caudal medulla and first and second cervical segments of the spinal cord, and axons terminated in the contralateral thalamus. Every neuron identified using the antidromic stimulation methods employed in this study responded to mechanical stimulation of its receptive field; each time a mechanically sensitive cutaneous receptive field could not be identified, a mechanically sensitive intraoral, intranasal, or corneal receptive field was found to be present. Of the 90 VTT neurons that responded to noxious mechanical stimulation of the facial skin, 54% were classified as WDR and 46% as HT; 31% of the 77 neurons tested with a 50°C stimulus responded to noxious heat. VTT cells that responded to any of the scratch-inducing chemicals tested will be referred to as "pruriceptive" neurons; all pruriceptive VTT neurons also responded to noxious mechanical stimuli. Cells that responded to noxious mechanical or thermal stimulation but did not respond to any tested pruritogen or partial pruritogen will be referred to as "nociceptive-only" neurons. Fourteen VTT neurons responded maximally to subnoxious mechanical stimuli and were classified as LT; none of the LT neurons was pruriceptive.
Pruriceptive VTT neurons. Figure 1 shows an example of a pruriceptive VTT neuron that responded to multiple chemicals injected intradermally within its cutaneous receptive field (Fig.  1B) . The recorded unit was located in the superficial layers of the spinal trigeminal nucleus near the level of the pyramidal decussation (Fig. 1C) , and its axon projected to the posterior triangular (PoT) nucleus of the contralateral thalamus, as evidenced by antidromic activation of the cell by 20-A pulses applied to the PoT nucleus but not at levels rostral to the PoT (Fig. 1, A and D) . This cell was classified as HT, as it responded selectively to noxious pressure and pinch ( Fig. 1E ) applied to its receptive field. This cell did not respond to a 50°C heat stimulus (Fig. 1F) . Each of the six chemical stimuli employed in this study were consecutively tested on this neuron. The cell responded to intradermal injection of vehicle while the needle was in the skin, but there was no sustained response to vehicle after the needle was removed (Fig. 1G) . Likewise, the placement of the needle into the skin during the injection of capsaicin caused a short discharge, but unlike vehicle, capsaicin produced a response that lasted Ͼ10 min following removal of the needle (Fig. 1H) . Injection of BAM8 -22 elicited increased an discharge rate for Ͼ40 min (Fig. 1I) . The cell did not respond to serotonin, chloroquine, histamine, or cowhage (Fig. 1, J-M ).
An example of a pruriceptive cell that projected to the VPM nucleus in the contralateral thalamus is illustrated in Fig. 2 . This neuron had a mechanical receptive field superior to the eye ( Fig. 2A) . It was recorded from superficial layers of the spinal trigeminal nucleus at the border between the first and second cervical segments of the spinal cord (Fig. 2B) . The location from which its axon was antidromically activated is shown in Fig. 2C . This cell was classified as HT ( Fig. 2D ) and responded to noxious heat (Fig. 2E) . This neuron exhibited a short discharge during needle insertion and injection of vehicle (Fig. 2F) ; intradermal injection of serotonin, histamine, or capsaicin produced an increase in discharge rate that outlasted the short response to vehicle (Fig. 2, G-I) . The response to serotonin lasted Ͼ15 min, while responses to histamine and capsaicin returned to baseline within 5 min following injection. None of the other pruritogens elicited a response (data not shown).
An example of a pruriceptive VTT neuron recorded in the deep dorsal horn is provided in Fig. 3 . Its cutaneous receptive field was located on the cheek (Fig. 3A) . It was recorded in the first cervical segment (Fig. 3B ) and projected to the VPM nucleus (Fig. 3C) . The cell was classified as WDR (Fig. 3D ) and did not respond to noxious heat (Fig. 3E) . Histamine, chloroquine, and capsaicin each produced an increase in discharge rate compared with vehicle (Fig. 3, F-I) ; the response to each of these three chemicals remained elevated above baseline for Ͼ5 min. The cell did not respond to serotonin or BAM8 -22 (data not shown).
Nociceptive-only VTT neurons. In contrast to pruriceptive VTT neurons, nociceptive-only VTT neurons did not respond to any tested pruritogens or partial pruritogens. An example of a nociceptive-only VTT neuron is shown in Fig. 4 . This cell was recorded from superficial layers of the spinal trigeminal nucleus at the level of the pyramidal decussation (Fig. 4B ) and projected to the VPM nucleus (Fig. 4C) . The neuron responded to noxious mechanical (Fig. 4D) and thermal (Fig. 4E ) stimulation of its receptive field (Fig. 4A ) and was classified as HT. None of the six tested pruritogens or partial pruritogens produced a response in this cell (Fig. 4, F-L) . It was therefore classified as nociceptive only.
Characterization of responses to each pruritogen. The mean response to each pruritogen for all cells that met the criteria for being responsive to a pruritogen is shown in Fig. 5 . The mean response to serotonin (Fig. 5A ) reached a maximum discharge rate within 5 min after application (Fig. 5F ) and remained elevated above the preserotonin baseline discharge rate for over 20 min (Fig. 5G) ; the mean duration of the response to serotonin was significantly greater than the mean duration of responses to chloroquine, histamine, or capsaicin. In five neurons, we were able to obtain stable recordings to demonstrate responses to serotonin that remained elevated above baseline for greater than 30 min. The only pruritogen that produced a response that outlasted the response to serotonin was BAM8 -22 (Fig. 5 B and G) . The mean response to BAM8 -22 ) . B: mean response to BAM8 -22 (purple); mean response to vehicle in BAM8 -22-responsive cells (white) (n ϭ 6). C: mean response to chloroquine (green); mean response to vehicle in chloroquine-responsive cells (white) (n ϭ 7). D: mean response to the partial pruritogen histamine (orange); mean response to vehicle in histamine-responsive cells (white) (n ϭ 23). E: mean response to the partial pruritogen capsaicin (yellow); mean response to vehicle in capsaicin-responsive cells (white) (n ϭ 13). F: mean time to reach maximum discharge rate, calculated by finding the highest discharge rate in a 60-s sliding window following stimulus application for each pruritogen and partial pruritogen. *P ϭ 0.0038, Kruskal-Wallis ANOVA. G: mean time to return to baseline discharge rate, calculated by determining when the mean discharge rate in a 60 s sliding window following stimulus application dropped below 1.5 times the mean discharge rate over 60 s before stimulus application. *P ϭ 0.0057, Kruskal-Wallis ANOVA. H: mean maximum discharge rate for each pruritogen and partial pruritogen. Data only included from neurons for which the receptive field was not manipulated during the response to a chemical.
For A-E: data were normalized to 60 s of baseline activity preceding stimulus application and reported in 15-s bins.
reached a maximum discharge rate ϳ10 min after application ( Fig. 5F ) and remained elevated above baseline for 35-40 min (Fig. 5G) ; in four neurons we were able to obtain stable recordings of responses to BAM8 -22 lasting at least 40 min. Mean responses to chloroquine, histamine, and capsaicin peaked within the first minute following application (Fig. 5F ) and returned to baseline activity levels within 10 min (Fig. 5G) . The high SE for the response to chloroquine (Fig. 5C ) suggests that responses elicited by chloroquine were more variable across individual cells than those elicited by the other pruritogens or partial pruritogens. The mean maximum discharge rates during the responses to the pruritogens and partial pruritogens did not significantly differ. The mean maximum discharge rate for each chemical ranged from three to five spikes per second (Fig. 5H ).
To determine whether VTT cells displayed different spike timing dynamics or spiking patterns in response to different stimuli, the CV was calculated during responses to each pruritogen or partial pruritogen. The CV was also calculated during responses to noxious mechanical (pinch) and thermal stimuli to determine whether there was a difference between pruriceptive and nociceptive responses within pruriceptive VTT neurons responsive to serotonin. The CV is a measure of the variability of ISIs and values Ͼ1.0 indicate higher degrees of variability within a spike train. The mean CV did not significantly differ between responses produced by different pruritogens or partial pruritogens. In neurons responsive to serotonin, the mean CV did not significantly differ between responses to the pruritogen vs. the noxious stimuli pinch or heat (Fig. 6A) . ISI distribution histograms were compared for responses to each of the pruritogens and partial pruritogens, as well as for responses to pruritic vs. noxious stimuli within serotonin-responsive cells (Fig. 6B) . ISIs produced during pruritic responses were highly variable in distribution, but the ISI distributions of the responses to various pruritogens or partial pruritogens did not significantly differ from each other. There was a significant difference in ISI distribution between responses to serotonin vs. responses by the same cells to noxious pinching or heat. Noxious stimuli displayed a bimodal ISI distribution indicative of bursting, with a greater proportion of shorter ISIs (10 -50 ms) compared with serotonin that elicited responses with a greater proportion of longer ISIs (1,000 -2,500 ms). Because CV and ISI distributions did not differ between pruritogens, analyses of CV and ISI distributions for responses to noxious stimuli are only shown for serotonin-responsive neurons. The same analyses performed with histamine or capsaicin-responsive neurons provided similar results; the numbers of neurons responsive to BAM8 -22 or Ն1 (N ϭ 104) 52% (n ϭ 54) 31% (n ϭ 32) 10% (n ϭ 10) 6% (n ϭ 6) 2% (n ϭ 2) 0% (n ϭ 0) Ն2 (N ϭ 92) 58% (n ϭ 53) 23% (n ϭ 21) 11% (n ϭ 10) 6% (n ϭ 6) 2% (n ϭ 2) 0% (n ϭ 0) Ն3 (N ϭ 87) 60% (n ϭ 52) 20% (n ϭ 17) 11% (n ϭ 10) 7% (n ϭ 6) 2% (n ϭ 2) 0% (n ϭ 0) Ն4 (N ϭ 62) 50% (n ϭ 31) 21% (n ϭ 13) 16% (n ϭ 10) 10% (n ϭ 6) 3% (n ϭ 2) 0% (n ϭ 0) Ն5 (N ϭ 47) 45% (n ϭ 21) 19% (n ϭ 9) 21% (n ϭ 10) 11% (n ϭ 5) 4% (n ϭ 2) 0% (n ϭ 0)
Percentages are calculated by dividing the number of neurons in which a specific number of pruritogens and/or partial pruritogens elicited a response (n) by the total number of neurons in which a specific number of pruritogens and/or partial pruritogens was tested (N). For example, in the 3rd column "23%" refers to the number of neurons in which 1 pruritogen elicited a response (n ϭ 21) divided by the number of neurons in which Ն2 pruritogens were tested (N ϭ 92). Data include neurons tested with the pruritogens serotonin, BAM8-22, chloroquine, cowhage, and/or the partial pruritogens histamine and capsaicin. VTT, trigeminothalamic tract. chloroquine were too small to perform reliable statistical testing. Increased numbers of long ISIs were also noted in responses of primate STT neurons to a pruritogen compared with responses to an algogen (Davidson et al. 2012) . It is possible, therefore, that low-frequency discharges contribute a distinct signal during pruriceptive processing.
Each pruritogen and partial pruritogen tested elicited a response in a subset of VTT neurons, except cowhage, which did not produce a response in any of the cells in which it was tested. Of the cells in which at least five pruritogens and/or partial pruritogens were tested, 55% responded to at least one pruritogen and/or partial pruritogen (Table 1) . Of these pruriceptive cells, 36% responded to multiple pruritogens or partial pruritogens. Twenty-seven percent of neurons responded to serotonin, 22% to BAM8 -22, 9% to chloroquine, 28% to histamine, and 27% to capsaicin (Table 2 ). All cells that responded to a pruritogen or partial pruritogen also responded to noxious mechanical stimulation; roughly one-third of pruriceptive VTT neurons was responsive to noxious heat. For each pruritogen or partial pruritogen, responsive cells consisted of HT and WDR neurons. No LT cells (n ϭ 14) responded to any of the chemical stimuli tested.
VTT neurons were also classified based on their responses to mechanical and thermal stimulation, as well as on the location of their recording points. Of the 90 VTT neurons that responded to noxious mechanical stimulation, 56% were pruriceptive (n ϭ 27 WDR; n ϭ 23 HT) and 44% were nociceptive only (n ϭ 22 WDR; n ϭ 18 HT; Fig. 7A ). Thirty-seven percent of pruriceptive neurons and 23% of nociceptive-only neurons responded to a 50°C noxious heat stimulus (Fig. 7B) . In regard to recording location, 52% of either pruriceptive or nociceptive-only VTT neurons were located in superficial layers of the spinal trigeminal nucleus (Fig. 7C) . The remaining neurons were recorded in the deep dorsal horn. The contribution of each of these classes of VTT neurons (WDR vs. HT; heat responsive vs. nonresponsive; superficial vs. deep dorsal horn recording location) to the mean response to each pruritogen and partial pruritogen was determined by comparing the mean discharge rate during a 5-or 10-min period following pruritogen or partial pruritogen application. Neurons classified as WDR had a significantly greater discharge rate during histamine responses than neurons classified as HT (Fig. 8A) ; no significant difference was seen between WDR vs. HT neurons for any of the other pruritogens nor was there a significant difference in firing rates during pruritogen application between neurons responsive or nonresponsive to noxious heat (Fig. 8B) . Neurons in deep layers exhibited a significantly greater firing rate than those in superficial layers during responses to serotonin or histamine (Fig. 8C) .
Comparison of responses of pruriceptive and nociceptiveonly VTT neurons to mechanical and thermal stimuli.
The mean discharge rates of responses of pruriceptive vs. nociceptive-only VTT neurons to mechanical and thermal stimulation were compared. Pruriceptive HT neurons responded with a higher discharge rate during pressure and pinch compared with nociceptive-only HT neurons (Fig. 9A) . There was no difference in responses to brush, pressure, or pinch between pruriceptive and nociceptive-only WDR neurons (Fig. 9B) . Normalized responses to pressure and pinch by pruriceptive HT neurons were significantly greater than those by nociceptiveonly HT neurons (Fig. 9C) . Additionally, pinch responses in pruriceptive or nociceptive-only WDR neurons were significantly greater than the response to pinch by nociceptive-only HT neurons but significantly less than the response to pinch by pruriceptive HT neurons. The mean response to noxious heat did not vary between pruriceptive and nociceptive-only VTT neurons (Fig. 9, D and E) .
Recording point and axon projection locations. The recovered recording locations for pruriceptive and nociceptive-only VTT neurons are compiled in Fig. 10 . Pruriceptive and nociceptive-only VTT neurons were each located throughout the superficial and deep layers of the spinal trigeminal nucleus, with no apparent relationship between location and responsiveness to pruritogens or partial pruritogens (indicated by colored wedges in dots that depict recording location) or mechanical classification. The axon locations for all pruriceptive and nociceptive-only VTT neurons for which the LT stimulation point lesion was recovered are compiled in Fig. 11 . Pruriceptive and nociceptive-only VTT axons projected primarily to either the posterior thalamus, often terminating within the PoT, or more rostrally to the VPM nucleus. Axons that were surrounded rostrally by points at which they could not be antidromically activated by Ն300 A are indicated by a red outline in Fig. 11 . The locations to which axons project do not appear to be associated with responsiveness to mechanical stimulation or specific pruritogens. Receptive fields. All examined VTT neurons had a cutaneous receptive field on the face ipsilateral to the recording site. The mechanically sensitive receptive field for each neuron is depicted in Fig. 12 . The majority of VTT neurons had mechanically sensitive receptive fields located below the eye and caudal to the vibrissal pad, an area of the face corresponding to the area used in studies distinguishing between itch-and pain-related behaviors in rodents. A small number of units had receptive fields located above the eye; to our knowledge, the behavioral effects of pruritogens applied to this area have not been reported.
DISCUSSION
In this study, we characterized neurons that projected to the thalamus from the spinal trigeminal nucleus and tested their responses to noxious mechanical and thermal stimuli and chemical pruritogens applied to facial cutaneous receptive fields in rats. When tested with all of the six pruritogens and partial pruritogens used in this study, 55% of VTT neurons responded to at least one pruritogen or partial pruritogen. Each pruriceptive VTT cell also responded to noxious mechanical and/or thermal stimulation; no mechanically insensitive cells were identified. The majority of neurons (64%) responded to only one of the chemicals tested, with the remainder responding to multiple pruritogens. Pruriceptive neurons were located in both superficial and deep layers of the spinal trigeminal nucleus extending from the caudal medulla to second cervical segment of the spinal cord and had axons that projected to the VPM, PoT, or other nuclei in the contralateral thalamus. The current findings describe a population of VTT neurons in which responses to pruritogens paralleled behavioral responses in studies employing the rat cheek model. When injected intradermally in the face of rats, serotonin (47 mM) causes scratching that peaks within 10 min and subsides within an hour (Klein et al. 2011) ; the mean response to serotonin (47 mM) in VTT neurons has a similar peak timing and duration (Fig. 5) . Mean responses to histamine and capsaicin in VTT neurons also match scratching behavior elicited by these chemicals in the cheek, with behavioral and electrophysiological responses to each peaking within 5 min and returning to baseline within 20 min ( Fig. 5 ; Moser HR and Giesler GJ, unpublished observations). Previously, we have shown that pruriceptive VTT neurons respond to intrathecal application of morphine (Moser and Giesler 2013) with a similar response latency and response duration to scratching induced by morphine applied to the central nervous system (Frenk et al. 1984; Koenigstein 1948; Lee et al. 2003; Thomas and Hammond 1995) . Intrathecal application of morphine increased responses in pruriceptive VTT neurons to pruritogens and to innocuous mechanical stimuli, possibly contributing to hyperknesis and alloknesis, sensory phenomena that likely involve opioid receptor activation (Fjellner and Hagermark 1982; Heyer et al. 2002; Onigbogi et al. 2000) . Together, the present and previously published findings suggest that pruriceptive VTT neurons contribute prominently to producing the sensation of itch located on the face.
Our current data demonstrate that neurons that convey information about itch to the thalamus also respond to noxious mechanical stimuli (pressure and/or pinch). Many pruriceptive VTT cells also responded to noxious heat. These data are in accordance with findings that all nonhuman primate pruriceptive STT cells are also responsive to noxious mechanical, thermal, and/or chemical stimuli (Davidson et al. 2007 (Davidson et al. , 2009 (Davidson et al. , 2012 Simone et al. 2004) . In both monkey STT and rat VTT, pruriceptive and nociceptive-only projection neurons are not readily distinguished based on recording point locations in the dorsal horn or on the locations of their axons within the thalamus (Davidson et al. 2012 ; current data). Instead, pruriceptive vs. nociceptive-only populations can be differentiated by their responsiveness to pruritogens as well as responsiveness to drugs that modulate itch and/or pain, such as morphine (Moser and Giesler 2013) . In the periphery, pruriceptive primary afferent neurons can be identified by the presence of cell membrane receptors for various pruritogens. In mice, a population of neurons containing the mas-related gene peptide receptor A3 (MrgprA3) responds to several different pruritogens, including histamine, BAM8 -22, and chloroquine. Ablation of this population results in loss of itch-related behaviors while pain-related behavior remains intact; specific activation of MrgprA3-containing neurons, even via a normally painful stimulus, results in scratching (Han et al. 2012) . It is possible that, just as was found for primary afferent neurons by Han et al. (2012) , selective activation of pruriceptive VTT neurons, without simultaneous activation of nociceptive-only VTT neurons, by any stimulus will result in the sensation of itch. Accordingly, simultaneous activation of both pruriceptive and nociceptive-only VTT populations would likely produce pain. Future studies to test this possibility should provide further insight into how the nervous system codes itch and pain, as well as possibly point out directions for selective treatments of each.
The pruritogens used in the current study were chosen based on the ability of each to induce scratching with the hindlimb when injected intradermally into the rodent cheek (Akiyama et al. 2010; Klein et al. 2011; Wilson et al. 2011) . In addition, the peripheral scratch-inducing actions of each drug have been well characterized and each drug has been implicated in producing itch in humans. It is well-demonstrated that serotonin elicits scratching in rodents via activation of the 5-HT 2 receptor ( duces itch in humans (Hosogi et al. 2006; Rasul et al. 2012; Thomsen et al. 2002; Weisshaar et al. 1997) and is found at increased levels in human patients experiencing itch, including patients with allergic contact dermatitis (Lundeberg et al. 1999 ) and atopic dermatitis (Soga et al. 2007 ). Application of BAM8 -22 to the face of mice causes scratching with the hindlimb (Wilson et al. 2011 ) via activation of MrgprC11 ) and downstream opening of TRPA1 channels (Wilson et al. 2011) ; in humans, heat-inactivated cowhage spicules soaked in BAM8 -22 evoke itch accompanied by pricking/stinging and burning sensations (Sikand et al. 2011) . Chloroquine produces scratching in rodents via activation of MrgprA3 and downstream opening of TRPA1 channels Wilson et al. 2011) ; in humans, oral administration of chloroquine as a treatment for malaria causes intense itch as a side effect (Mnyika and Kihamia 1991; Sowunmi et al. 2000) , although there is little evidence that injection of chloroquine under the skin in humans causes itch (Abila et al. 1994) . Unlike these pruritogens, histamine and capsaicin are partial pruritogens that each produce a combination of scratching and painrelated wiping when applied to the face in rats (Klein et al. 2011) . In the present study, many cells that responded to histamine and capsaicin also responded to other pruritogens (e.g., serotonin, chloroquine) at concentrations that only cause scratching, suggesting that these cells may be conveying information about the pruritogenic aspects of the stimulus and that the pain responses associated with histamine and capsaicin are mediated by a separate population of neurons. Another possibility is that these cells may be contributing to both itch and pain, depending on the specific spike pattern elicited by a given stimulus, although our spike train analyses did not uncover any obvious differences in spike timing dynamics between the different pruritogens.
The finding that cowhage did not produce a response in any of the VTT cells tested is consistent with findings that cowhage spicules applied to the rat face do not elicit any behavioral response (Klein et al. 2011) . In humans, cowhage produces itch via activation of protease-activated receptor (PAR) subtypes 2 and/or 4 by mucunain, the itch-causing protease present in cowhage spicules (Reddy et al. 2008) . The short peptide SLIGRL-NH 2 has commonly been used as a PAR2 agonist to induce scratching in mice (Akiyama et al. 2009b ) and study itch responses in spinal neurons (Akiyama et al. 2009a (Akiyama et al. ,b, 2011 . However, it has been shown that in mice, SLIGRLinduced scratching does not require activation of PAR2 but instead requires activation of MrgprC11, the same receptor underlying itch induced by BAM8 -22 . Neither the PAR2/MrgprC11 agonist SLIGRL-NH 2 nor the PAR4 agonist AYPGKF-NH 2 induces scratching when applied to the rat face (Klein et al. 2011 ); SLIGRL-NH 2 does cause painrelated wiping, an effect not seen with cowhage spicules or the PAR4 agonist. Accordingly, in future studies it will be important to maintain a distinction between the target receptors for cowhage spicules vs. injections of SLIGRL-NH 2 .
In the central nervous system, less is known about the specific receptors involved in conveying information about pruritogens to the brain. The gastrin-releasing peptide receptor (GRPR) is implicated in itch processing in the spinal cord, as both the receptor and spinal neurons containing the receptor are necessary for scratching responses induced by a variety of histaminergic and nonhistaminergic pruritogens (Sun and Chen 2007; Sun et al. 2009 ). Primary afferent neurons within dorsal root ganglia and trigeminal ganglia contain the GRPR agonist gastrin-releasing peptide (GRP) (Takanami et al. 2013 ). However, GRP is likely released from spinal neurons receiving primary afferent input, rather than from primary afferent terminals themselves, to produce itch (Mishra and Hoon 2013) . GRPR is likely located on tertiary spinal neurons receiving input from GRP-containing secondary spinal neurons. Therefore, it is possible that GRPR is located on spinal projection neurons such as pruriceptive VTT neurons, although this has not yet been directly demonstrated via immunohistochemistry or other anatomical methods. Axons of pruriceptive VTT neurons appear to terminate primarily in either the posterior thalamus or more rostrally in the VPM nucleus (Fig. 11) . The posterior thalamus, including PoT and medial geniculate nuclei, also receives input from a large portion of rat STT neurons in the cervical enlargement (Zhang and Giesler 2005) . This region of the thalamus sends somatosensory input, both directly (Bordi and LeDoux 1994; LeDoux et al. 1985; Ottersen and Ben-Ari 1979) and indirectly via cortical loops (Gauriau and Bernard 2004; Kurokawa et al. 1990; Ledoux et al. 1985; Linke 1999; Linke and Schwegler 2000) , to the amygdala and has been implicated in fear conditioning (LeDoux et al. 1986a,b; Shi and Davis 1999) . It is possible that affective responses to itch are mediated via these projections.
Our study highlights several interesting differences between itch responses in spinal projection neurons in rats vs. other species. Previously, a small subset of STT neurons in cats was found to be mechanically insensitive yet respond to histamine. It was suggested that these cells may be part of a labeled line for itch information, although the number of histamine-responsive neurons that did not also respond to the algogen mustard oil, when tested, was low (n ϭ 2). In addition, other algogens, such as capsaicin, which activates a large portion of STT neurons, were not tested (Andrew and Craig 2001) . In contrast, in monkey STT neurons as well as in rat VTT neurons, all pruriceptive cells were responsive to noxious mechanical stimulation (Davidson et al. 2007 (Davidson et al. , 2009 (Davidson et al. , 2012 Moser and Giesler 2013; Simone et al. 2004) . Pruriceptive monkey STT neurons were found to respond either to histamine or to cowhage (Davidson et al. 2007) , suggesting a separation between histaminergic and nonhistaminergic forms of itch. Our current data suggest that this separation of histaminergic and nonhistaminergic responses in spinal projection neurons does not exist in the rat trigeminal system. In fact, the only predictive relationship identified in rat VTT neurons is that all neurons that responded to chloroquine (a pruritogen generally referred to as nonhistaminergic) also, when tested, responded to histamine. This is in accordance with the finding that MrgprA3-containing primary afferent fibers also respond to both histamine and chloroquine (Han et al. 2013) . It is possible that, as more pruritogens are tested in monkey STT neurons, the separation of populations responding to histamingeric and nonhistaminergic stimuli will become less distinct. In addition, it is likely that the previous finding that approximately one-third of monkey STT neurons is pruriceptive (vs. approximately half of rat VTT neurons) will change when monkey STT neurons are characterized with a greater number of pruritogens. Another major difference between species was found for the contribution of superficial vs. deep dorsal horn units to itch responses. Monkey STT neurons located within the superficial dorsal horn exhibited a greater discharge rate than cells located within the deep dorsal horn in response to histamine, cowhage, or capsaicin (Davidson et al. 2012) . In contrast, in rat VTT neurons, deep dorsal horn units exhibited a greater discharge rate compared with superficial dorsal horn units in response to the pruritogens histamine and serotonin, highlighting the importance of including both superficial and deep dorsal horn neurons in studies of itch. It should also be noted that observed differences between previous studies of STT neurons in monkeys and the current studies of VTT neurons in rats may be due in part, or in full, to differences between the characteristics of skin and/or underlying nervous system of the body vs. face.
Application of pruritogens and algogens to the rodent cheek provides a reliable approach to distinguish between itchevoked and pain-evoked behaviors and thus is valuable for examining how the nervous system distinguishes between these distinct sensations. VTT neurons in rats respond to a variety of pruritogens that evoke scratching with the hindlimb when applied to the face in rats. The time course of pruritic responses in VTT neurons is similar to the time course of facial scratching for corresponding pruritogens. Therefore, the VTT appears to a highly promising system for future studies of processing and transmission of pruriceptive and nociceptive information within the central nervous system. 
